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a b s t r a c t
One of the major questions in evolutionary developmental neurobiology is how neuronal networks have
been adapted to different morphologies and behaviour during evolution. Analyses of neurogenesis in
representatives of all arthropod species have revealed evolutionary modiﬁcations of various develop-
mental mechanisms. Among others, variations can be seen in mechanisms that are associated with
changes in neural progenitor identity, which in turn determines the neuronal subtype of their progeny.
Comparative analyses of the molecular processes that underlie the generation of neuronal identity might
therefore uncover the steps of evolutionary changes that eventually resulted in modiﬁcations in neuronal
networks. Here we address this question in the ﬂour beetle Tribolium castaneum by analyzing and
comparing the development and expression proﬁle of neural stem cells (neuroblasts) to the published
neuroblast map of the fruit ﬂy Drosophila melanogaster. We show that substantial changes in the identity
of neuroblasts have occurred during insect evolution. In almost all neuroblasts the relative positions in
the ventral hemi-neuromeres are conserved; however, in over half of the neuroblasts the time of
formation as well as the gene expression proﬁle has changed. The neuroblast map presented here can be
used for future comparative studies on individual neuroblast lineages in D. melanogaster and T. castaneum
and additional markers and information on lineages can be added. Our data suggest that evolutionary
changes in the expression proﬁle of individual neuroblasts might have contributed to the evolution of
neural diversity and subsequently to changes in neuronal networks in arthropod.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The great variety of body shapes and behaviour in the arthropod
phylum raises the question of how the nervous system has been
adapted during evolution to accommodate this diversity. In euar-
thropods – insects, crustaceans, myriapods, chelicerates – the
central nervous system shows a conserved structure of segmental
ganglia, which are innervated by a rope–ladder-like axonal scaffold
(Harzsch, 2003; Linne and Stollewerk, 2011). Despite the conserva-
tion of the overall structure, the neuronal composition of the
ganglia must have changed in the course of evolution so that the
neuronal networks could be adjusted to the various requirements.
Comparative analyses of neurogenesis in euarthropods have indeed
shown that evolutionary modiﬁcations occurred in various devel-
opmental stages. Variations have been described for early steps
such as neural progenitor production as well as for later processes
such as the generation of neuronal diversity and axonal pathﬁnding
(e.g. Dove and Stollewerk (2003), Linne and Stollewerk (2011),
Stollewerk et al. (2001), Ungerer et al. (2011), Wheeler et al.
(2005)). These variations can be associated with evolutionary
changes in neural progenitor identity, which again might lead to
modiﬁcations in differentiation processes and in axon morphology
(e.g. Döfﬁnger and Stollewerk (2010)). Thus thorough comparative
analyses of the molecular processes that underlie the generation of
neuronal identity should reveal the individual steps of evolutionary
changes that eventually resulted in modiﬁcations in neuronal
networks.
Within arthropods, insects are particularly well suited for
comparative studies of the evolution of neuronal diversity due to
the conserved arrangement of the neural progenitors (neuroblasts)
which has been demonstrated for various insects (Locusta migra-
toria (Bate, 1976); Schistocerca americana (Doe and Goodman,
1985); Schistocerca gregaria (Shepherd and Bate, 1990); Tenebrio
molitor (Breidbach and Urbach, 1996); Ctenolepisma longicaudata
(Truman and Ball, 1998); Drosophila melanogaster (Doe and
Goodman, 1992; Hartenstein and Campos-Ortega, 1984); Carausius
morosus (Tamarelle et al., 1985)) and which allows for one by one
comparison of individual neuroblasts in different species. The
available insect neuroblast maps are mainly solely based on the
position of neuroblast and the same positional information system
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(row and column numbers) has been applied to all of them. Given
the strong conservation of the neuroblast pattern, it is highly likely
that many of the neuroblasts with the same numbers are homo-
logous. Indeed, interspecies comparisons of neural lineages
derived from neuroblasts in similar positions support this hypoth-
esis. Thomas et al. (1984), for example, showed that neuroblast
(NB) 7-4 generates the so-called G neurons both in D. melanogaster
and S. americana. Another example is NB1-1 which generates the
aCC and pCC motor neurons not only in both mentioned insect
species but also in a crustacean, the malacostracan Orchestia
cavimana (Thomas et al., 1984; Ungerer and Scholtz, 2008).
Here we present a detailed comparative study of the arrangement
and expression proﬁles of individual neuroblasts in the red ﬂour
beetle Tribolium castaneum. This study lays the foundation for
investigating the functional consequences of evolutionary changes
in the expression proﬁles of potentially homologous neuroblasts and
thus ultimately for understanding the evolution of neural diversity.
Early neurogenesis has been analysed in T. castaneum and recent
publications show that neuroblasts are formed in the same way in
T. castaneum as in D. melanogaster (Wheeler et al., 2003). However,
there are no data available on the establishment of neuroblast
identity in T. castaneum. The ventral neuroectoderm generates the
gnathal, thoracic and abdominal ganglia in both insects. In addition,
the ventral neuroectoderm gives rise to the epidermal cells that
cover the nervous system (Hartenstein and Campos-Ortega, 1984;
Wheeler et al., 2003). In both insects the proneural genes are
organized in a genomic region, the so-called achaete–scute-com-
plex (ASC) (Romani et al., 1987; Wheeler et al., 2003). However, in
T. castaneum the ASC consists of a single achaete–scute (Tc-ASH) and
a single asense homologue (Tc-ase), while D. melanogaster has three
achaete–scute genes and also a single asense gene. Both in
T. castaneum and in D. melanogaster, the achaete–scute homologues
are initially expressed in clusters of neuroectodermal cells (pro-
neural clusters), which appear at ﬁxed positions (Heitzler et al.,
1996; Wheeler et al., 2003). The expression becomes restricted to
individual emerging neuroblasts in each cluster by a process called
lateral inhibition which is mediated by Notch signaling (Kux et al.,
2013). The neuroblasts delaminate from the neuroectoderm to form
an internal layer between the neuroectoderm and the mesoderm.
The cells that eventually remain in the neuroectoderm develop into
epidermis (Heitzler et al., 1996).
The Drosophila neuroblast map was initially based on morpholo-
gical descriptions; however, the arrangement was later conﬁrmed by
molecular studies, which showed the unique identity and position of
all neuroblasts (Broadus et al., 1995; Doe and Goodman, 1992). Each
neuroblast generates a ﬁxed neural lineage and the speciﬁcation of
neuronal subtypes depends on its gene expression proﬁle (e.g.
Bossing et al. (1996), Broadus et al. (1995), Dittrich et al. (1997),
Landgraf et al. (1997), Schmidt et al. (1997)). The neuroblasts adopt
their unique identity during their formation in the neuroectoderm
where they are exposed to the expression of anterior–posterior and
dorso-ventral patterning genes (Skeath and Thor, 2003). Each neuro-
blast therefore has a distinct spatial and temporal identity reﬂected
in a unique expression proﬁle. The expression proﬁle is maintained
after delamination from the neuroectoderm, which in turn results in
the production of a speciﬁc subset of neurons and/or glial cells (e.g.
Dittrich et al. (1997)).
Doe et al. used different classes of genes as neuroblast markers,
among others segmentation genes (Broadus et al., 1995; Doe and
Goodman, 1992). In euarthropods neurogenesis starts shortly after
segments have formed. The expression of the genes that confer
anterior–posterior identity within a segment, the so-called segment
polarity genes—is initially maintained in the neuroectoderm (Skeath
and Thor, 2003). In D. melanogaster it was shown that expression of
the segment polarity genes is preserved in rows of neuroblasts after
their delamination. In addition, other segmentation genes such as gap
and pair-rule genes, which are involved in earlier processes of
segmentation, are re-expressed in subsets of neuroblasts in
D. melanogaster (Skeath and Thor, 2003). Although the function of
these genes in the segmentation process has been analysed in detail in
T. castaneum, there are no data available on their role in neuroblasts
(for review see Lynch et al. (2012)). Furthermore, after delamination
many neuroblasts show transient expression of a group of genes
known as temporal identity genes (Isshiki et al., 2001). Two of these
genes also classify with the gap genes (hunchback and Krüppel). The
temporal changes in expression ensure that neuroblasts can generate
diverse progeny (ganglion mother cells) over time (Isshiki et al., 2001).
The sequence of expression is as follows: hunchback (hb), Krüppel, (Kr),
nubbin (nub; also called pdm-1) and castor (cas; also called ming)
(Pearson and Doe, 2003). The temporal expression proﬁle is main-
tained in the ganglion mother cells and the neurons/glial cells, which
are produced by the ganglion mother cells during the respective
phases of temporal gene expression. Additional genes such as the
transcription factor seven-up play a role in the temporal expression
mechanism by enabling the switching over to the next temporal gene
in the series (Benito-Sipos et al., 2011; Kanai et al., 2005). There are no
data available on temporal identity genes in insects other than
D. melanogaster.
By analyzing the expression patterns of genes of all categories,
i.e. proneural genes as well as spatial and temporal identity genes,
we have established a neuroblast map in T. castaneum. The
detailed comparison of individual neuroblasts in T. castaneum
and D. melanogaster reveals considerable changes in the expres-
sion proﬁles of potentially homologous neuroblasts.
Materials and methods
Antibody and nuclei staining and in situ hybridisation
The antibody staining protocol was modiﬁed after Ungerer et al.
(2011). Fixed embryos were transferred via a methanol PBTween
series into 100% PBTween (PBSþ0.02% Tween-20). After several
washes in PBTween and a one hour blocking step in blocking
reagent (Perkin Elmer) at RT, the primary antibody diluted in
PBTween was incubated for 4 h at RT or overnight at 4 1C. The
reaction was stopped by several washing steps in PBTween
(35 min, 430 min). Finally, the secondary antibody, diluted in
PBTween, was incubated for 2 h. The embryos were then washed
several times in PBTween. For nuclei staining, embryos were then
incubated in Hoechst (1:1000 in PBTween) for 10 min. Afterwards
they were washed several times and transferred to 70% Glycerol/
PBS and stored at 4 1C. In situ hybridization was performed as
described for Daphnia magna recently (Ungerer et al., 2011).
α-Tubulin Mouse 1:100 Sigma
α-Dig-alkaline phosphatase (AP) Sheep 1:2000 Roche
α-Fluorescein-AP Sheep 1:1000 Roche
α-Dig-peroxidase Sheep 1:500 Roche
Anti-mouse-Cy3 Donkey 1:1000 JIR
Anti-mouse-AP Donkey 1:1000 JIR
Anti-rabbit-Cy3 Donkey 1:1000 JIR
Fluorescent in situ hybridisation
The protocol for ﬂuorescent in situ hybridisation differed from
that described in Ungerer et al. (2011) due to the application of
anti-DIG-peroxidase (POD) or anti-ﬂuorescein-POD. The TSA™
PLUS Fluorescence Kit (Perkin Elmer, UK) was used to amplify
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the signal. After two hours incubation with anti-DIG-Pod and ﬁve
20-min washes in PBTween, 250 ml of “Plus Ampliﬁcation Diluent”
was added to the embryos. The solution was replaced by 96 ml
“Plus Ampliﬁcation Diluent” and 4 ml staining solution 5 to 10 min
later. After 2 h of incubation, several washing steps followed, to
minimize background staining.
PCR cloning
Standard procedures were used for PCR cloning. Primer
sequences were identiﬁed using the freely available Primer3 soft-
ware (primer3.sourceforge.net). The sequenced T. castaneum gen-
ome (Tribolium Genome Sequencing Consortium et al., 2008)
allowed for designing speciﬁc primers for ampliﬁcation of the
desired gene fragments from cDNA. Primers were ordered from
Sigma Aldrich Ltd UK.
Documentation and analysis
Prior to analysing the embryos under the microscope, ﬂat
preparations were made. The embryos were placed on a slide in
a drop of glycerol and dissected using a stereomicroscope. Using
tungsten needles the yolk was carefully removed. In some cases,
the legs had to be removed for an unobstructed view of the
nervous system. Colorimetric staining was analysed using a Leica
DM IL HC microscope. For ﬂuorescent in situ hybridisation, anti-
body staining and Hoechst staining a Leica SP5 confocal micro-
scope was used.
Confocal microscope image stacks were analysed using the 3D
reconstruction software Imaris (Bitplane AG, Switzerland). The
extended-section mode enables the visualization of horizontal,
transverse and sagittal sections of variable density, depending on
the number of pictures superimposed. The surpass mode (volume
mode) constructs a 3D picture and allows for the combined visua-
lization of cells in different positions along the apico-basal axis. In
combination with the ortho-slicer tool, which enables the visualiza-
tion of single sections, spots can be manually added. A combination
of the described modes and tools was used to analyse the neuroblast
pattern and the gene expression patterns of individual neuroblasts.
Photoshop, Adobe Illustrator and Helicon Focus (Helicon Soft
Ltd., Ukraine) were utilised to edit and assemble pictures of
ﬂuorescent and colorimetric staining.
Results
Overview of the time and morphology of neuroblast formation
Since there is no morphological staging system available, we
have subdivided relevant embryonic stages of T. castaneum neuro-
genesis into 15 stages, NS1 to NS15 (Supplementary Fig. 1). We
focus here on the description of the thoracic neuroblasts because
the thoracic segments appear simultaneously and although there is
an anterior to posterior gradient of development, neurogenesis
occurs largely in the same time frame in these segments (Supple-
mentary Fig. 2). In contrast, in abdominal segments neurogenesis
does not occur simultaneously and is accelerated in relation to the
formation of segments, which complicates the analysis (Supple-
mentary Fig. 2). Neuroblasts can be distinguished by their large
circular shape and position between neuroectoderm and mesoderm
from NS4 onward (Fig. 1A–C). During delamination they show the
typical bottle-like shape that has been described in other insects
(Fig. 1A' and B') (Bate, 1976). The ﬁrst delaminating neuroblasts are
arranged along the medial and lateral columns of the hemi-
neuromeres (Fig. 1A and A'). Around stage NS5 three columns of
neuroblasts are visible in the thoracic hemi-neuromeres (Fig. 1B).
At NS7 six to seven rows of neuroblasts consisting of three to four
columns of neuroblasts can be detected (Fig. 1C). In parallel with the
formation and delamination of additional neuroblasts, internal
(fully delaminated) neuroblasts divide and bud-off GMCs basally
(Fig. 1C'; Supplementary Fig. 3E), which then divide again and most
likely give rise to neurons or glial cells (data not shown). At NS13
the anterior commissures have formed in the thoracic segments,
while the longitudinal axons are starting to join with those of the
adjacent segments (Fig. 1D). At NS15, the axonal scaffold exhibits
the typical rope ladder-like arrangement of arthropods consisting of
two continuous longitudinal connectives and an anterior and a
posterior commissure in each segment (Fig. 1E).
Preparation of T. castaneum neuroblast map
We used two neuroblast markers, the panneural genes Tc-asense
(Tc-ase) and Tc-prospero (Tc-pros) (Supplementary Figs. 2 and 3), in
addition to general nuclei (Hoechst) and cytoskeletal markers
(α-tubulin) for establishing the time of formation and position of
the thoracic neuroblasts. Neuroblasts were named according to the
scheme applied for the D. melanogaster and S. americana neuroblast
maps in which neuroblasts are identiﬁed by two numbers (Bate,
1976; Broadus et al., 1995; Doe and Goodman, 1992). The ﬁrst
number deﬁnes the position of the neuroblast along the anterio–
posterior axis in a segment (i.e. row number) and the second number
deﬁnes the position along the medio-lateral axis (i.e. column
number). Alhtough the overall shape of the neuromeres changes
over time in insects (see Supplementary Fig. 2), the relative positions
of the neuroblasts remain essentially the same (Shepherd and Bate,
1990). The ﬁne subdivision of our staging system together with the
analyse of a large number of hemisegments (at least 60 per stage)
revealed that in contrast to D. melanogaster (Doe and Goodman,
1992), the neuroblasts in T. castaneum do not form in distinct waves
but continuously. Nevertheless, speciﬁc subsets of neuroblasts form
within a particular time period and we have therefore subdivided
neuroblast formation into four phases which correspond to stages
NS4, NS6, NS8 and NS11 (Fig. 2).
By stage NS4, ﬁve to eight neuroblasts have fully delaminated
(Fig. 2A, E and I). NB 5-2 and the midline precursor cell MP2,
which is the ﬁrst midline precursor to express Tc-pros, can be
identiﬁed (Fig. 2A and E; Fig. 3A and A'; Supplementary Fig. 3B and
B'). MP2 shows a characterstic elongated shape (Fig. 3B and B').
At NS6 seven rows of delaminated neuroblasts are visible
which are arranged in three columns (Fig. 2B, F and J). In addition
to the bilateral MP2, an unpaired midline precursor cell (MP1)
forms in the ventral midline (Fig. 2C and J; Fig. 3B and B'). MP1 is
the second midline precursor cell that expresses Tc-pros (Fig. 3D';
Supplementary Fig. 3B and B'). Using the midline precursor cells
and the morphological segment borders as landmarks, the neuro-
blasts of the ﬁrst column can be assigned to NBs 1-1, 2-2, 4-1, 5-2,
6-2 and NB 7-1 (Fig. 2B, F and J). In the median column NBs 1-2,
3-2, 4-2, 5-3, 6-3 and 7-2 can be identiﬁed using their position and
the position of subsequently forming neuroblasts as cues. At this
stage, only neuroblasts 6-4 and 7-4 can unambiguously be
identiﬁed in the lateral column (Fig. 2B, F and J).
At NS8 lateral neuroblasts in the anterior part of the thoracic
hemi-neuromeres delaminate, resulting in four columns in row
two, three, four and ﬁve (Fig. 2C, G and K). Additionally, NB 3-1
forms medially to NB 3-2, and NB 6-1 forms between NBs 6-2 and
7-1 (Fig. 2C, G and K). The MP2 divides into two smaller cells by
the end of this stage (Fig. 2C and K; Fig. 3B and D'). Furthermore,
the median neuroblast (MNB) is visible in the posterior part of the
thoracic neuromeres (Fig. 3D and D‴). An additional neuroblast
has delaminated in row ﬁve laterally to the previously unassigned
neuroblast. One of them can unambiguously be identiﬁed as NB
5-4, while the lateral most neuroblast could either NB 5-5 or NB
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5-6 (see “Discussion” section). At stage NS11 the ﬁnal array of
delaminated neuroblasts is visible with three row one neuroblasts,
ﬁve neuroblasts each in row two and three and four neuroblasts in
row four, six and seven (Fig. 2D, H and L). Additionally NB 5-1 has
delaminated next to the midline in row ﬁve (Fig. 2D, H and L;
Fig. 3C and C'). The midline precursor MP1 has divided and can
therefore no longer be detected (Fig. 2D, H and L).
Identiﬁcation of neuroblast expression proﬁles
Segment polarity genes
We used the T. castaneum neuroblast map to analyse the
expression proﬁles of individual neuroblasts. At ﬁrst, we studied
the expression patterns of the segment polarity genes engrailed
(en), wingless (wg) and gooseberry distal (gsb). Like D. melanogaster
en (Doe and Goodman, 1992), Tc-en is expressed in ectodermal
cells in the posterior part of each segment (Supplementary Fig. 4A
and B). Tc-en expression is then maintained in row six and seven
neuroblasts and the MNB after delamination (Fig. 4A–C).
In contrast to D. melanogaster, however, we could not detect en
expression in row one neuroblasts.
Tc-wg shows an expression similar to D. melanogaster wg (Doe
and Goodman, 1992) in two to three cell wide transverse stripes of
ectodermal cells in the posterior part of the segments in NS4
(Fig. 4D; Supplementary Fig. 4C and D). However, there is a
noticeable decrease of Tc-wg expression towards the midline, with
no expression in midline cells (Fig. 4D; Supplementary Fig. 4C).
Three neuroblasts, of which NBs 5-2 and 5-3 can be unambigu-
ously identiﬁed, arise from the Tc-wg positive neuroectoderm and
maintain Tc-wg expression initially (Fig. 4E and F). The third Tc-wg
positive neuroblast, which is located laterally to NBs 5-2 and 5-3 is
most likely NB 5-4. NB 5-2 delaminates closest to the midline, out
of an area of weak Tc-wg expression. Tc-wg expression in NB 5-2
remains very weak and only lasts for a short period of time
(Fig. 4E). The expression of Tc-wg in the neuroectoderm ceases
concurrently with the delamination of neuroblasts and in NS11
Tc-wg is reduced to NB 5-4 (Supplementary Fig. 4E and E'). Neither
the late forming NB 5-1 nor NB 5-6, which is the most lateral
neuroblast of row ﬁve, express Tc-wg.
Like D. melanogaster gsb (Gutjahr et al., 1993), Tc-gsb is
expressed in ectodermal cells and neuroblasts of rows ﬁve and
six (Fig. 4G, G', H and H'). The expression is maintained in the
Fig. 1. Overview of neuroblast formation and sequence of neurogenesis. Confocal micrographs of ﬂat preparations of the ﬁrst thoracic segment. Hoechst nuclei stain (green),
α-tubulin and HRP antibody staining (magenta). Anterior is towards the top in (A)–(E) (horizontal sections) and basal is towards the top in (A') (transverse section) and (B'),
(C') (sagittal sections). The ventral midline is indicated by a vertical dashed line in (A)–(C). (A) The ﬁrst neuroblasts (arrowheads) are formed in the medial and lateral
columns at NS4. The white cross shows the exact position of the transverse section in (A'). (A') Neuroblasts (arrowheads) are positioned in a layer between neuroectoderm
and mesoderm (white dots). (B) At NS5, three columns of neuroblasts (asterisks) are present in the neuroblast layer. (B') Several neuroblasts are in the process of
delaminating with the cell membrane still attached to the ectoderm (asterisks). Basally to the neuroblasts a layer of mesodermal cells is visible (white dots). (C) At stage NS7
four columns of neuroblasts have formed (asterisks). (C') At this stage three distinct layers are visible in the sagittal section: the apical neuroectodermal cells (arrow), the
basal ganglion mother cells (black asterisks) and inbetween these layers the delaminated neuroblasts (white asterisks). Note the stronger nuclei staining of the ganglion
mother cells which has also been described in the crustacean Daphnia magna (Ungerer et al., 2011). (D) At NS13 the anterior commissure is well-developed while the
posterior commissure is barely visible. Longitudinal axons (arrows) are starting to grow out from the segmental neuropile. (E) The axonal scaffold has assumed the typical
rope-ladder-like structure. The longitudinal connectives (arrows) join the segmental neuropiles; ac, anterior commissure; lc, longitudinal connective; np, neuropile; pc,
posterior commissure. Scale bar in (A)¼10 mm in (A)–(C); scale bar in (D)¼15 mm in (D) and (E).
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neuroectoderm as well as in the neuroblasts until late neurogen-
esis stages.
Gap and pair-rule genes
Unlike the expression of the segment polarity genes, the
transcripts of Tc-huckebein (Tc-hkb) and Tc-runt (Tc-run) are not
restricted to speciﬁc rows (Fig. 5). Unlike its D. melanogaster
homologue, Tc-hkb is not a terminal gap gene in T. castaneum,
however, a pair-rule function in segmentation has been described
both for Tc-run (Choe et al., 2006) and Dm run (Ingham, 1988).
At NS5, the ﬁrst neuroblasts expressing Tc-hkb were identiﬁed
as NBs 2-2, 5-3 and NB 4-2. Furthermore, an additional neuroblast
of row four located laterally to NB 4-2 expresses Tc-hkb (Fig. 5A
and C). At NS9, NB 1-1 shows Tc-hkb expression as well as a third
row four neuroblast located laterally to NB 4-2. With the comple-
tion of row four at this stage, it is possible to identify the lateral
Tc-hkb positive neuroblasts as NBs 4-3 and 4-4 (Fig. 5B and C).
Tc-hkb neuroblast expression in NS11 embryos is decreasing and
staining is no longer visible in NB2-2 (Fig. 5C, Supplementary
Fig. 5A), however, strong expression persists in NB 1-1 and the
single neuroblast at the anterior border of the thoracic hemi-
neuromeres in NS13 is therefore most likely NB 1-1 (Supplemen-
tary Fig. 5A, B and E). Furthermore, a cluster of neurons expresses
Tc-hkb in NS13 (Supplementary Fig. 5B and E).
Tc-run is expressed in two bilateral clusters of neuroectodermal
cells that are located in the anterior and posterior half of the
neuromeres, respectively (Fig. 5D). The posterior clusters are
smaller and consist of about three to four cells each. Tc-run
expression in neuroblasts is detected basally to the Tc-run expres-
sing neuroectodermal cells and can be unambiguously assigned to
NBs 2-2, 3-2 and 6-2 at NS6 (Fig. 5D' and F). Furthermore, Tc-run is
expressed in one additional neuroblast in row two, most likely NB
2-3, and two additional neuroblasts in row three, which are most
likely NBs 3-3 and 3-4. (Fig. 5D', E and F). Tc-run expression ceases
in these neuroblasts during NS8/NS9 so that we could not unam-
biguously conﬁrm their identity in later stages (Fig. 5E and F;
Supplementary Fig. 5C). Tc run is also transiently expressed in MP1
Fig. 2. Tribolium castenum neuroblast map showing the four phases of neuroblast formation. Confocal micrographs of ﬂat preparations of embryos double-stained with the
nuclei marker Hoechst (green) (A)–(D) and the cytoskeletal marker α-tubulin (magenta) (B)–(D), and light micrographs of ﬂat preparations of embryos stained with a DIG
labeled Tc-ase RNA probe (black) (E)–(H); anterior is towards the top. The segmental borders are indicated by horizontal dashed lines and the midline is indicated by vertical
dashed lines. Please not that not all neuroblasts/neural precursors are visible in the individual preparations because they are not located in the exact same apico-basal
position. The schematic drawings show thoracic hemi-neuromeres at the corresponding stages (I)–(L). The schematic drawings are based on the analysis of the position of
neuroblasts in at least 60 hemisegments per stage and show the mean relative positions of the neuroblasts to each other and the morphological landmarks (e.g. midline).
Anterior is towards the top, the midline is towards the left. Neuroblasts are represented by blue circles (also in the right hemi-neuromeres in (A)–(D)), the midline precursors
(MP1, MP2) and the median neuroblast (MNB) by grey circles. ((A), (E) and (I)) At NS4 ﬁve to eight neuroblasts are present of which NBs 5-2, 6-2 and 1-1 can be identiﬁed.
Additionally MP2 is formed. ((B), (F) and (J)) At stage NS6 three columns and seven rows of neuroblasts have formed. All neuroblasts can be assigned to speciﬁc neuroblast
identities except for the most lateral neuroblasts in row two, three, four and ﬁve and the intermediate neuroblast in row two. ((C), (G) and (K)) At stage NS8 additional lateral
neuroblasts have formed. Furthermore, NB 6-1 forms next to the ventral midline between NB 6-2 and 7-1 and the median neuroblasts (MNB) can be detected in the posterior
part of the segments. Note that MP2 has divided and is not visible anymore. ((D), (H) and (L)) At stage NS11 all neuroblasts have delaminated forming a pattern of seven rows
and up to ﬁve columns. MP1 is no longer detectable. Scale bar: 50 mm in (A)–(H).
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and MP2 in NS6 (Fig. 5D'). At stage NS13 Tc-run expression is
detectable in neurons covering almost the entire hemineuromere
(Supplementary Fig. 5D and F).
Expression of homologues of the D. melanogaster temporal identity
genes
Similar to the case in D. melanogaster, the nuclear receptor
Seven-up (Svp), which regulates the switch over from hunchback
to Krüppel expression in the ﬂy (Kanai et al., 2005), seems to be
transiently expressed in many neuroblasts in T. castaneum. The
ﬁrst Tc-svp positive thoracic neuroblast can be identiﬁed as NB 5-2
at NS4-5 (Fig. 6A). The expression expands so that almost all
neuroblasts express the gene over the next stages and then
decreases from NS10 onward (Fig. 6B and C; Supplementary Fig
6A and F). From stage NS11 onward Tc-svp is expressed in neurons
in the CNS and in the developing peripheral nervous system
(Fig. 6D; Supplementary Fig. 6F).
The homologues of the D. melanogaster temporal identity genes
hunchback (hb), Krüppel (Kr), nubbin (nub) and castor (cas) show
the same sequence of expression in T. castaneum as in the ﬂy
(Fig. 6E–T; Supplementary Fig. 6B–E and G–J). Tc-hb is the ﬁrst
temporal identity gene to be expressed in neuroblasts (Fig. 6E,
compare to I, M, and Q). It is initially detected in ectodermal cells
covering the whole segment (Supplementary Fig. 6B). Coinciding
with the start of neuroblast delamination, the expression of Tc-hb
becomes restricted to neuroectodermal cells and neuroblasts
(Fig. 6E; Supplementary Fig. 6G). Almost all neuroblasts appear
to express Tc-hb but not all at the same time.
Tc-Kr is the second gene in the temporal gene expression
cascade (Fig. 6I–L; Supplementary Fig. 6C and H). The expression
of Tc-Kr in the neuroectoderm starts later than that of Tc-hb
(Supplementary Fig. 6B and C), however, there is a temporal
overlap of Tc-Kr and Tc-hb expression in the remaining neurogen-
esis stages (Fig. 6J–L, compare to Fig. 6F–H; Supplementary Fig. 6G
and H). Although Tc-Kr is expressed ubiquitously in the thoracic
segments, a stronger expression in neuroblasts can be seen in later
stages (NS8 to NS11) (Fig. 6K and L; Supplementary Fig. 6H).
Tc-nub is expressed signiﬁcantly later in the neuroblasts than Tc-hb
and Tc-Kr (Fig. 6O). Weak expression is visible in bilateral clusters
of neuroectodermal cells in NS4 (Fig. 6M; Supplementary Fig. 6D).
The expression spreads laterally in NS6-7 (Fig. 6N). The ﬁrst
Fig. 3. Identifcation of MNB, midline precursors and median neuroblasts. Confocal micrographs of ﬂat preparations of embryos stained with the nuclei marker Hoechst
(green) and the α-tubulin antibody (magenta) ((B), (B'), (C) and (C')), and Hoechst (green) and a FITC-labeld Tc-pros RNA probe (magenta) ((A), (A'), (D) and (D')‴). Anterior is
towards the top in (A)–(C), (D), and (D') (horizontal sections) and basal is towards the top in (A')–(C') (transverse sections), (D″) (sagittal section), (D)‴ (transverse section).
The midline is indicated by vertical dashed lines. ((A), and (A')) MP2 is among the ﬁrst cells in the neuroblast layer expressing Tc-pros (arrowheads). ((B), and (B')) MP2 is
recognizable by its elongated appearance and position close to the midline (arrowheads). The right MP2 cell (arrowhead) is in the process of mitosis. The single MP1
(asterisk) is positioned between the bilateral pair of MP2s. ((C), and (C')) NB 5-1 (circle) delaminates close to the midline during NS11. NB 6-1 (arrow) which already
delaminates during NS8 is positioned close to the midline. ((D), and (D')) Apical and basal section of the ﬁrst thoracic segment showing the position of the MNB, MP1 and the
MP2s. Note that the MP2 on the right side has divided. ((D″), and (D)‴) Sagittal and transverse sections showing the basal position of the MNB. Scale bar in (A)¼10 mm in (A)–
(C'); scale bar in (D)‴¼40 mm in (D) and (D')‴.
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neuroblasts expressing Tc-nub appear at NS8-9 along the medial
column of the neuroectoderm (Fig. 6O). Tc-nub expression is
detected in most neuroblasts over time (Fig. 6P; Supplementary
Fig. 6I). Tc-cas (also known as ming in D. melanogaster) is the last of
the temporal genes to be expressed in neuroblasts (Fig. 6Q–T;
Supplementary Fig. 6E and J). The gene is initially expressed in a
cluster of midline cells in each neuromere (Fig. 6R). The ﬁrst
neuroblasts expressing Tc-cas are detected at NS8-9 adjacent to
the ventral midline (Fig. 6S). Subsequently the expression extends
to most neuroblasts (Fig. 6T; Supplementary Fig. 6J).
Discussion
Our analysis of the neuroblast pattern in T. castaneum conﬁrms
that the arrangement of neuroblasts is highly conserved in insects.
Fig. 4. ((A)–(I)) Expression patterns of segment polarity genes in the developing neuromeres. Light ((B), (D), and (E)) and confocal ((A), (G), (G'), (H), and (H')) micrographs of
ﬂat preparations of thoracic neuromeres stained with DIG labelled RNA probes for Tc-en, Tc-wg and Tc-gsb, respectively ((A), (B), (D), (E), (G), (G'), (H), and (H')). The ﬂat
preparations shown in (A), (G), (G'), (H), and (H') are stained with the nuclei marker Hoechst in addition. Anterior is towards the top in (A), (B), (D), (E), (G), and (H). Basal is
towards the top in (G') and (H'). The dashed vertical lines indicate the ventral midline, the dashed horizontal lines indicate the segmental borders. (C), (F), and (I) are
schematic drawings of the neuroblast map. Please note that the schemes are not designed to reﬂect the images of the in situ hybridisations but they show the expression
pattern of the respective gene projected on the relevant phases of neuroblast formation as shown in Fig. 2 (i.e., NS6, NS8 and NS11). (A) The panel shows a combination of
brightﬁeld (Tc-en staining black) and ﬂuorescent imaging (nuclei: Hoechst, green and cytoskeleton: α-tubulin, magenta) of the ﬁrst thoracic segment at NS5. Tc-en expression
is visible in the posterior area of the neuromeres. The Tc-en positive neuroblasts 6-2 and 6-3 are in focus (labelled on the right side). Due to the concave shape of the
germband, Tc-en expression is visible in the neuroectoderm in the lateral area (arrows). (B) Tc-en expression is visible in neuroblasts of rows six and seven (NBs 7-1 and 6-1
labelled on the right side) and in the MNB at NS9. (C) Schematic neuroblast map of a single hemi-neuromere at NS11 showing Tc-en expression (red circles) in rows six and
seven and the MNB. Neuroblasts that do not express Tc-en are shown in blue. (D) The panel shows the 1st thoracic neuromere. Tc-wg is expressed in transverse stripes in the
posterior area of the neuroectoderm at NS4. Expression is lower towards the ventral midline (arrows). (E) Tc-wg is transiently expressed in NBs 5-2 and 5-3. Note differences
in the expression levels of Tc-wg in left (arrowheads) and right (NBs 5-2, 5-3, 5-4 labelled) hemi-neuromeres. The asterisks indicate strong Tc-wg expression in the limb buds.
(F) Schematic neuroblast map of a single hemi-neuromere at NS8 showing Tc-wg expression in NBs 5-2, 5-3 and 5-4 (yellow circles). Neuroblasts that do not express Tc-wg
are shown in blue. (G) Tc-gsb is expressed in the posterior area of the neuromeres (white rectangle). The panel shows the 1st thoracic neuromere. (G') High magniﬁcation of
G; sagittal section. Tc-gsb is expressed in the neuroectoderm (arrow). (H) High magniﬁcation showing expression of Tc-gsb in neuroblasts of row ﬁve and six. (H') Sagittal
section of image shown in H. Tc-gsb is expressed in the neuroectoderm (arrow) and in the neuroblasts (asterisks). (I) Schematic neuroblast map of a single hemi-neuromere
at NS11 showing Tc-gsb expression in all NBs of row ﬁve and six (purple circles). Neuroblasts that do not express Tc-gsb are shown in blue. GMCs, ganglion mother cells; VNE,
ventral neuroectoderm. Scale bar in (B)¼15 mm in (A)–(H); scale bar in (H')¼10 mm in (G'), and (H').
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As in all other insects analysed, 30 neuroblasts and one unpaired
median neuroblast (MNB) delaminate in the six thoracic hemiseg-
ments, resulting in an arrangement of seven rows with three to
ﬁve neuroblasts each (Fig. 7) (C. longicaudata (Truman and Ball,
1998); L. migratoria (Bate, 1976); S. americana (Doe and Goodman,
1985); S. gregaria (Shepherd and Bate, 1990); C. morosus (Tamarelle
et al., 1985); D. melanogaster (Doe and Goodman, 1992;
Hartenstein and Campos-Ortega, 1984)). Furthermore, our analysis
of early neurogenesis in T. castaneum compliments previous data
by Wheeler et al. (2003) group showing that the formation of
neuroblasts is conserved in insects. Both in D. melanogaster and in
T. castaneum, neuroblasts are selected from proneural clusters
expressing achaete–scute homologues and subsequently express
genes involved in asymmetric cell division and neural cell fate
determination (e.g. prospero, asense) (Heitzler et al., 1996; Kux
et al., 2013; Southall and Brand, 2009). As in Drosophila neuro-
blasts assume a bottle-like shape, delaminate shortly after their
selection and form a cell layer between mesoderm and ectoderm
in T. castaneum.
The similarities in the formation and arrangement of neuroblasts
in these two insect species facilitate the comparative analysis of
neuroblasts. The identity of neuroblasts can be described by four
parameters: the time of formation, the position, the expression
proﬁle and the lineage composition. In the following we will discuss
the evolutionary modiﬁcations of the parameters we have addressed
here and their possible inﬂuence on the evolution of neural diversity
in insects.
Evolutionary modiﬁcations in the time of neuroblast formation
In Drosophila neuroblasts delaminate in ﬁve temporally distinct
segregation waves (S1–S5) (Fig. 7A) (Doe and Goodman, 1992;
Hartenstein and Campos-Ortega, 1984). Originally three waves
were described (S1–S3) (Doe and Goodman, 1992; Hartenstein
and Campos-Ortega, 1984). The ﬁrst segregation wave (S1) is
divided into two sub-phases, early S1 and S1. S2 is characterised
by the delamination of mainly intermediate column neuroblasts.
Hartenstein and Campos-Ortega (1984) described a further wave
(S3), which later was further subdivided into S4 and S5 by
applying molecular techniques (Doe and Goodman, 1992).
In contrast, in basal insects such as S. americana and C. long-
icaudata neuroblasts delaminate mainly continuously, rather than
appearing in distinct subsets (Doe and Goodman, 1985; Truman and
Ball, 1998). However, neuroblasts are generated in ﬁxed positions and
Fig. 5. (A)–(F) Expression patterns of Tc-huckebein and Tc-runt. Light ((A), (B), (D), and (D')) and confocal (E) micrographs of ﬂat preparations of thoracic neuromeres stained
with DIG labelled RNA probes for Tc-hkb and Tc-run, respectively. The ﬂat preparation shown in (E) was stained with the nuclei marker Hoechst in addition. Anterior is
towards the top. The dashed vertical lines indicate the ventral midline, the dashed horizontal lines indicate the segmental borders. (C) and (F) are schematic drawings of the
neuroblast map, indicating the expression of the respective genes. Please note that the schemes are not designed to reﬂect the images of the in situ hybridisations but they
show the expression pattern of the respective gene projected on the relevant phases of neuroblast formation as shown in Fig. 2 (i.e., NS6, NS8 and NS11). (A) At NS5, Tc-hkb is
expressed in NBs 2-2, 5-3 and NB 4-2 and an additional row four neuroblast. (B) At NS9 Tc-hkb is expressed in NB 1-1 and three row four neuroblasts (NBs 4-2, 4-3 and 4-4).
(C) Schematic neuroblast map of a single hemi-neuromere at NS6 and NS11 showing Tc-hkb expression in dark grey (blue: neuroblasts that do not express Tc-hkb; light grey:
midline precursors). (D) At NS6, Tc-run is expressed in bilateral clusters of neuroectodermal cells (arrows). (D') Tc-run is expressed in NBs 2-2, 2-3, 3-2, 3-3, 3-4 and 6-2. The
gene is also transiently expressed in MP1 and MP2. (E) At NS9, Tc-run expression becomes reduced in the lateral neuroblasts. (F) Schematic neuroblast map of a single hemi-
neuromere at NS6 and NS8 showing Tc-run expression in orange (blue: neuroblasts that do not express Tc-run; light grey: midline precursors). Scale bar in (A)¼25 μm in (A),
(B), and (E); scale bar in (D)¼20 μm in (D), and (D').
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in a ﬁxed time sequence which led Doe and Goodman (1985) to
distinguish between early, middle and late forming neuroblasts in S.
americana. The ﬁrst neuroblasts formed in S. americana are NBs 3-5
and 2-5. The next eight neuroblasts appear almost simultaneously,
while all subsequent neuroblasts form consecutively (Doe and
Goodman, 1985) (Fig. 7C). Based on the phylogenetic position of S.
americana and C. longicaudata it can be assumed that the continuous
formation of neuroblasts represents the ancestral pattern. However,
it should be mentioned that although it is common practice to refer
to ﬁve segregation waves in Drosophila, it is questionable in how far
this is an accurate description since (Doe and Goodman, 1992)
observed intermediate patterns between segregation waves espe-
cially between the last three waves (S3 to S5).
Similar to the case in S. americana, T. castaneum neuroblasts appear
continuously in a deﬁned sequence and their segregation can be
subdivided into early (NS4–6), middle (NS8) and late phases (NS11)
(Fig. 7B; compare to Fig. 7C). The early segregation phase is compar-
able to S2/S3 in D. melanogaster regarding the overall number and
positions of neuroblasts, while the middle and late phases in
T. castaneum appear similar to S4 and S5 in D. melanogaster, respec-
tively (Fig. 7A and B). If we apply the early, middle and late subdivision
of neuroblasts to all three insects species, we ﬁnd that less than half of
the neuroblast (12 out of 30) that occupy the same relative positions in
S. americana, D. melanogaster and T. castaneum are generated during
the same segregation phase in all three species (10 early neuroblasts,
2 late neuroblasts; Table 1). There are slightly more similarities
between T. castaneum and D. melanogaster neuroblasts (13 early,
1 middle and 4 late neuroblasts). The number of neuroblasts appear-
ing in the same relative time window might be higher by two;
however, we could not resolve the identity of some early born lateral
neuroblasts in row two and three at the time of their formation in T.
castaneum.
Fig. 6. Sequential expression of the temporal identity genes. Light micrographs of ﬂat preparations of thoracic neuromeres stained with DIG labelled RNA probes for Tc-svp,
Tc-hb, Tc-Kr, Tc-nub and Tc-cas, respectively. Anterior is towards the top. The dashed vertical lines indicate the ventral midline, the dashed horizontal lines indicate the
segmental borders. The arrows point to staining in neuroblasts; the arrowheads indicate epxression in neuroectodermal cells. ((A)–(D)) Tc-svp is strongly expressed in NB 5-2
in NS4 to NS5. Additional neuroblasts express the gene in subsquent stages. From NS10 onward, Tc-svp expression is down-regulated (see Supplementary Fig. 6A and F)
(D) shows a neuromere at NS15. ((E)–(H)) Tc-hb is the ﬁrst of the temporal genes which is expressed in many neuroblast. The gene shows a dynamic expression pattern and
seems to be expressed in all neuroblasts over time. ((I)–(L)) Tc-Kr is ﬁrst expressed in the neuroectoderm. From NS6-7 onward the gene is also expressed in neuroblasts;
however, similar to Tc-hb, Tc-Kr is not expressed in all neuroblasts at the same time. ((M)–(P)) Like Tc-Kr, Tc-nub is initially expressed in the neureoctoderm. Expression in
neuroblasts does not start before NS8. ((Q)–(T)) At NS6-7, Tc-cas is expressed in a cluster of midline cells. From stage NS8 onward the gene is expressed in neuroblasts. Scale
bar: 25 μm.
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These data show that heterochronic modiﬁcations have occurred
in a substantial number of insect neuroblasts. Neuroblasts are
selected from proneural clusters expressing achaete–scute homolo-
gues (ASH) in insects and neuroblast formation time therefore
directly correlates with the selection process. Hence parameters
upstream of the achaete–scute homologues (ASH) must have changed
during evolution. These could include the spatial regulation and/or
the time of ASH expression. However, while there are a large number
of publications on the spatial regulation of achaete–scute expression
in the peripheral nervous system of D. melanogaster (e.g. Biryukova
and Heitzler (2005), Escudero et al. (2005)), there are only two
publication on the regulation of achaete–scute in the ventral nerve
chord (Skeath et al., 1992; Zhao et al., 2007). In the ventral
neuroectoderm achaete and scute gene expression is controlled by
a common regulatory element that receives input from pair-rule and
dorso-ventral patterning genes (Skeath et al., 1992; Zhao et al., 2007).
Fig. 7. Comparison of neuroblast generation and arrangement in insects. ((A), (B), and (C)) Comparison of the neuroblast populations that form in speciﬁc time windows in
Drosophila melanogaster Tribolium castaneum and Schistocerca americana. S1 to S5 stand for segregation waves one to ﬁve. We compare here the second thoracic segments of
S. americana to thoracic segments of the remaining insects. (D) Comparison of the arrangement of neuroblasts in different insects. The neuroblast maps are based on the
following publications: D. melanogaster (Doe and Goodman, 1992), S. americana (Doe and Goodman, 1985) and Ctenolepisma longicaudata (Truman and Ball, 1998). The
arrangement and number of neuroblasts is highly conserved in all insects presented except for the presence of an additional neuroblast (green) in row ﬁve in D. melanogaster,
S. americana and C. longicaudata. Furthermore, NB 6-3 (red) is missing in D. melanogaster while it is present in the remaining insects.
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Evolutionary changes in the expression domains and time of expres-
sion have been described for dorso-ventral patterning genes in
arthropods and might therefore account for modiﬁcations in pro-
neural gene expression (Döfﬁnger and Stollewerk, 2010; Wheeler
et al., 2005).
Variations in the number of neuroblasts in three positions
A comparison of the neuroblast map of T. castaneum with those
of other insects (S. americana, C. longicaudata, D. melanogaster)
reveals variations in the number of neuroblasts in three positions
(Fig. 7D). T. castaneum and D. melanogaster show three neuroblasts
in row one, while in S. americana and C. longicaudata the lateral
most neuroblast of row one is missing (NB 1-3). In D. melanogaster
NB 1-3 gives rise to motor and interneurons as well as glial cells
(Schmidt et al., 1997). Furthermore, in contrast to S. americana, C.
longicaudata and D. melanogaster which all exhibit six row ﬁve
neuroblasts, only ﬁve row ﬁve neuroblasts are present in T.
castaneum (Fig. 7D). Four of these neuroblasts form in the early
and middle phases, while the last one (NB 5-1) appears next to the
midline in the late segregation phase. The late formation of NB 5-1
is conserved in all insects that have been analysed (Table 1;
Fig. 7D). In C. longicaudata, S. americana and D. melanogaster, an
additional late row ﬁve neuroblast is formed, NB 5-5 (Fig. 7D).
Interestingly, in S. americana and C. longicaudata NB 5-5 is only
formed in thoracic segments (Doe and Goodman, 1985; Shepherd
Table 1
Comparison of neuroblast position, time of formation and molecular marker expression in insects.
Neuroblast 
position 
Time of formation Molecular marker
Dm Tc Sa Dm Tc
1-1 early early early hkb hkb
1-2 early early middle en
1-3 late late missing
2-1 middle middle late hkb
2-2 early early early hkb run hkb run
2-3 late ? early run run
2-4 middle ? late hkb
2-5 early ? early
3-1 early middle middle run
3-2 early early early run run
3-3 middle ? late run run
3-4 late ? early run
3-5 early ? early
4-1 early early early
4-2 early early early hkb hkb
4-3 late late middle hkb hkb
4-4 middle late early hkb hkb
5-1 late late late wg gsb gsb
5-2 early early early wg gsb run wg gsb
5-3 early early early wg gsb run wg gsb hkb
5-4 middle early middle wg gsb hkb wg gsb
5-5 late missing* late wg gsb hkb gsb
5-6 early middle* early wg gsb gsb
6-1 early middle late en gsb en gsb
6-2 early early early en gsb en gsb run
6-3 missing early middle missing en gsb
6-4 early early late en gsb en gsb
7-1 early early early en gsb en
7-2 early early middle en en
7-3 late late late en hkb en
y
The question marks indicate neuroblasts for which we could not determine the time of formation. The bold
squares indicate neuroblasts with the same marker gene expression in Drosophila melanogaster and Tribolium
castaneum.
n Please note that we could not conﬁrmwhich of the two lateral neuroblasts is missing, NB 5-5 or NB 5-6. See
text for further details. Dm, D. melanogaster; Tc, T. castaneum; Sa, Schistocerca americana.
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and Bate, 1990; Truman and Ball, 1998). If we assume that the
sequence of generation is conserved in T. castaneum, and NB 5-5 is
always formed later than the remaining neuroblasts of row ﬁve,
the missing neuroblast in row ﬁve would correspond to NB 5-5.
Unfortunately, we could neither conﬁrm nor reject this hypothesis
by using molecular data, since signiﬁcant changes in the expres-
sion proﬁles of row ﬁve neuroblasts have occurred in T. castaneum
compared to D. melanogaster (Fig. 8; Table 1).
Finally, there is variation in the number of neuroblasts in row
six when comparing the different insects. NB 6-3 is present in
S. americana, C. longicaudata and T. castaneum, while it is absent in
D. melanogaster (Fig. 7D) (Doe and Goodman, 1985; Shepherd and
Bate, 1990; Truman and Ball, 1998). Since NB 6-3 can be detected
in basal insects, it seems to belong to the ground pattern of
neuroblasts. Interestingly, the presence of NB 6-3 seems to
correlate with the formation of abdominal cerci. In C. longicaudata
NB 6-3 generates a noticeable larger lineage than in S. americana
(Truman and Ball, 1998). Truman and Ball (1998) speculated that
NB 6-3 might generate interneurons connected to the cercal
sensory system that is highly developed in silverﬁsh, while it is
reduced in grasshopper and absent in ﬂies. In support of Truman
and Ball's hypothesis, T. castaneum generates NB 6-3 (this study)
and exhibits cerci on the last abdominal segment (Hayashi, 1966).
However, cell lineage and functional studies would be required to
unambiguously determine the role of the NB 6-3 progeny.
Variations in neuroblast lineages have also been reported for
segmentally homologous neuroblasts, i.e. neuroblasts that are
located in similar positions in different segments of the same
embryo/species. In locusts, for example, a comparison of the
lineages of neuroblast 7-4 in thoracic and abdominal segments
revealed that it gives rise to different neurones in each of the
analysed segments (Pearson and Doe, 2003). Recent studies in
D. melanogaster have shown that segment speciﬁc differences in
thoracic and abdominal neuroblast lineages are due to differential
expression of Hox and ParaHox genes, among others (Birkholz
et al., 2013). The future addition of Hox and ParaHox gene
expression to the neuroblast map as well as an extension of the
comparative analysis to gnathal and abdominal segments might
uncover how variations in segment morphology and function have
co-evolved with changes in the nervous system in different insect
species.
Furthermore, these studies could be extended to the brain since
Urbach and Technau (2003b) have provided a basis for future com-
parative studies of brain neuroblasts by establishing a detailed map
of the expression proﬁles of all brain neuroblasts in D. melanogaster.
They have also analysed the formation and position of brain
neuroblasts in several hemi- and holometabolous insects, includ-
ing a beetle and a grasshopper (Urbach and Technau, 2003a). The
studies show a considerable degree of conservation in the spatial
and temporal arrangement of insect brain neuroblasts. Simila-
rities in the lineages furthermore indicate that neuroblasts in
similar positions might be homologous and generate brain
centres that are considered to be homologous in insects. For
example, the DM 1-4 neuroblasts of D. melanogaster and the W, X,
Y, Z neuroblasts of the grasshopper both generate brain speciﬁc
intermediate neural progenitors and give rise to the central
complex (Boyan and Reichert, 2011).
Evolutionary modiﬁcations in neuroblast expression proﬁles
The analysis of ﬁve neuroblast identity genes in T. castaneum
revealed that the expression proﬁles of potentially homologous
neuroblasts have undergone signiﬁcant changes in insect evolu-
tion (Table 1; Fig. 8). Since data on neural identity genes are
fragmentary in insects other than D. melanogaster, we mainly
compare the neuroblast expression proﬁles of T. castaneum with
those of D. melanogaster here.
Comparison of the segment polarity genes revealed several
evolutionary changes. The expression pattern of engrailed in the
developing nervous system has been described in representatives
of all arthropod lineages, and exhibits a high degree of conserva-
tion: in all species analysed en is expressed in neuroblasts/neural
precursors of rows one, six and seven (Duman-Scheel and Patel,
1999; Fabritius-Vilpoux et al., 2008; Patel, 1994; Patel et al., 1989;
Stollewerk and Chipman, 2006). Furthermore, in the crustacean
and insect species analysed, en is also expressed in the MNB. The
neural expression of en has been described previously in
T. castaneum but has not been related to speciﬁc neuroblasts
(Brown et al., 1994). Here we show that Tc-en expression is
conserved in row six and seven neuroblasts and the MNB but
the gene is not expressed in row one neuroblasts after their
delamination, while both in S. americana and D. melanogaster en
expression can be detected in NB 1-2 (Doe and Goodman, 1992;
Duman-Scheel and Patel, 1999).
Like in D. melanogaster, Tc-gsb is expressed in row ﬁve and six
neuroblasts. However, in D. melanogaster gsb transcripts accumu-
late in NB 7-3 in addition (Fig. 8) (Doe and Goodman, 1992).
Furthermore, wg expression is only partially conserved in
D. melanogaster and T. castaneum. Although the gene is expressed
in transverse stripes covering the whole width of the neuroecto-
derm in both species, Tc-wg expression is only present in three of
the ﬁve row ﬁve neuroblasts, while in D. melanogaster all row ﬁve
neuroblasts express wg (Fig. 8) (Doe and Goodman, 1992).
Furthermore, in contrast to D. melanogaster, Tc-wg neuroblast
expression is transient. NB 5-2 ceases expression shortly after its
formation, followed by NB 5-3 and ﬁnally NB 5-4.
The gap and pair-rule genes show also several evolutionary
changes in T. castaneum and D. melanogaster. Tc-run expression is
most likely conserved in four neuroblasts (NBs 2-2, 2-3-, 3-2, 3-3)
and the midline precursor MP1 in both insects but the remaining
neuroblasts expressing the gene are located in different positions
(Table 1; Fig. 8) (Doe and Goodman, 1992).
Expression of the gap gene hkb is conserved in ﬁve neuroblasts
in D. melanogaster and T. castaneum, which are located in row one,
two and four; however, hkb expression has diverged in the
posterior rows of neuroblasts (Table 1; Fig. 8). Noticeable is the
lack of hkb expression in NB 7-3 in T. castaneum. NB 7-3 is the only
neuroblast that co-expresses hkb and en in D. melanogaster and the
only neuroblast that generates the metameric serotonergic neu-
rons in the ventral nerve chord of both D. melanogaster and
S. americana (although it is not know whether NB 7-3 expresses
Fig. 8. Comparison of the neuroblast gene expression proﬁles of D. melanogaster
and T. castaneum. The schematic drawings show the ﬁnal arrangements of
neuroblasts for D. melanogaster after the 5th segregation wave (modiﬁed after
Doe and Goodman (1992) and for T. castaneum at NS11). Please note that the
complete expression proﬁle of all genes analysed here is shown in T. castaneum, i.e.
the expression patterns of genes that are no longer expressed at NS11 are projected
on the ﬁnal neuroblast map. The map reﬂects the hypothesis that NB 5-5, rather
than NB 5-6 is missing in T. castaneum. Neuroblasts shown in blue do not express
any of the genes analysed here. The midline is indicated by the dashed line.
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hkb in S. americana) (Lundell and Hirsh, 1994; Lundell et al., 1996;
Schmid et al., 1999). Loss of either marker results in loss of
serotonin expression and pathﬁnding defects in the NB 7-3
progeny of D. melanogaster (Lundell et al., 1996). If the metameric
arrangement of serotonergic neurons is conserved in T. castaneum,
the regulatory mechanisms upstream of serotonin must have
changed since Tc-hkb and Tc-en are not co-expressed in any
neuroblast. However, both hkb and en are also expressed in
neurons in T. castaneum (Supplementary Fig. 5E) (Duman-Scheel
and Patel, 1999) and thus might be co-expressed in neuroblast
progeny producing serotonergic neurons.
Conserved expression of temporal identity genes
In D. melanogaster the temporal identity genes svp, hb, Kr, nub
and cas are sequentially expressed in neuroblasts in partially
overlapping time periods (Brody and Odenwald, 2005). Our data
show that the overall sequence of expression is conserved in
T. castaneum neuroblasts.
In addition, there are two noticeable similarities in temporal
gene expression. First, NB 5-2 is the ﬁrst neuroblast in T. castaneum
that expresses Tc-svp. The same is true for D. melanogaster and
S. americana (Broadus and Doe, 1995; Doe and Goodman, 1992).
Furthermore, NB 5-2 is born during the early segregation phase in
all three insects and shares the expression of two marker genes
(wg and gsb) in D. melanogaster and T. castaneum (Table 1; Fig. 8).
Although NB 7-4 is also generated in the early segregation phase in
all three insects (Table 1; Fig. 8), a distinct early expression of
Tc-svp could not be detected in this neuroblast in contrast to
D. melanogaster and S. americana (Broadus and Doe, 1995).
Second, early expression of Tc-cas in a small group of midline
cells is reminiscent of cas expression in the ventral unpaired
median (VUM) neurons in D. melanogaster (Fontana and Crews,
2012) suggesting a requirement for cas in midline cell develop-
ment in T. castaneum. In D. melanogaster cas is speciﬁcally required
for the expression of the short neuropeptide F precursor gene
(Fontana and Crews, 2012).
Conclusion
We show here that substantial changes in the identity of
neuroblasts have occurred during insect evolution. In almost all
neuroblasts the relative positions in the ventral hemi-neuromeres
is conserved; however, in over half of the neuroblasts the time of
formation as well as the gene expression proﬁle has changed. This
in turn should have an inﬂuence on the identity of the neuroblast
lineages since the combinatorial expression of transcription factors
determines the neuronal and glial subtypes generated by indivi-
dual neuroblasts. Changes in the expression proﬁle of individual
neuroblasts might therefore have contributed to the evolution of
neural diversity and changes in neuronal networks in arthropods.
In the future, the neuroblast map presented here can be used to
compare individual neuroblast lineages in D. melanogaster and
T. castaneum and additional markers and information on lineages
can be added. Furthermore, future functional analyses of neural
identity genes should reveal the correlation between evolutionary
changes in neuroblast expression proﬁles and modiﬁcations in
subtype identities in the neuroblast lineages.
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